We propose a two-loop induced Zee-Babu type neutrino mass model at the TeV scale.
I. INTRODUCTION
From the discovery of the Higgs boson at the CERN Large Hadron Collider (LHC) [1, 2] , our standard picture for the spontaneous breakdown of electroweak symmetry has been confirmed.
This fact tells us that the standard model (SM) well describes phenomena at collider experiments even including the Higgs sector.
In spite of the great success of the SM, we need to consider new physics models beyond the SM, because there are phenomena which cannot be explained in the SM such as neutrino oscillations and the existence of dark matter (DM). Therefore, further new particles are expected to be found at the 13 and 14 TeV runs of the LHC, which can be a direct evidence of new physics models.
Radiative neutrino mass models give an attractive new physics scenario to explain tiny neutrino masses which are generated at loop levels. Because of loop suppression, masses of new particles can be taken at the TeV scale, so that radiative neutino mass models may be able to directly tested at collider experiments. The Zee model [3] and the Zee-Babu model [4] have been proposed in 1980s, in which Majorana type masses are generated at the one loop and two loop levels, respectively.
After these models appeared, the three-loop neutrino mass model has been constructed by Krauss, Nasri and Trodden [5] in the early 2000s, in which a right-handed neutrino running in the loop can be a DM candidate. In addition, the model by Ma [6] can explain neutrino masses at the one loop level with a DM candidate. The above two models provide the interesting connection between physics of neutrino and DM. Many other types of radiative neutrino mass models with DM have been considered in Refs. , and those with a non-Abelian discrete symmetry have been proposed in Refs. [49] [50] [51] [52] [53] [54] . Recently, models which generate both masses of charged-leptons and neutrinos at the loop level have also been constructed in Refs. [55] [56] [57] .
Among the various neutrino mass models, the Zee-Babu model mentioned in the above is constructed in a quite simple way, where isospin singlet singly-and doubly-charged scalar fields are added to the SM. However, this model does not have a DM candidate, because all the new particles are electromagnetically charged. In addition, it has been found that the lower bound on the masses of new charged scalar bosons are given between 1 and 2 TeV from the constraints of the most recent experimental data such as neutrino mixing with non-zero θ 13 1 and µ → eγ with a perturbativity requirement, which makes difficult to directly discover these new particles at the LHC even with the 14 TeV collision energy [58] . Similar mass bounds have also been shown in LHC.
In this paper, we extend the Zee-Babu model so as to include a DM candidate by introducing a discrete Z 2 symmetry to the model 2 . In order to enclose the two-loop diagram, we need to add Z 2 odd fields; i.e., vector-like singly-charged leptons and an isospin doublet scalar field. A DM candidate is then obtained as the lightest neutral component of the doublet scalar field. In this model, the vector-like leptons play a crucial role not only to explain neutrino masses but also the discrepancy between the experimental value of the muon anomalous magnetic moment (muon g − 2) and its prediction in the SM [62, 63] . We find that the mass of vector-like leptons to be slightly above 300 GeV is favored to explain the muon g − 2, which is not excluded by the current experimental data.
We then discuss the collider phenomenology, especially focusing on the production and decay of doubly-charged scalar bosons at the LHC. The doubly-charged scalar bosons can mainly decay into the same-sign dilepton with the same-flavour and missing transverse momentum due to the structure of neutrino mass matrix. This signal process is completely different with that from doubly-charged scalar bosons in the original Zee-Babu model and the Higgs triplet model (HTM) [64] [65] [66] [67] [68] which contains isospin triplet scalar field, and one of its components corresponds to the doubly-charged state.
This paper is organized as follows. In Sec. II, we show our model building including the particle contents, discussion of DM and the constraints from the oblique parameters. In Sec. III, we calculate neutrino mass matrix and the muon g − 2. Numerical evaluation of these observables is also given by using the current data for the neutrino masses and mixing. In Sec. IV, the collider phenomenology of the new particles is discussed. Summary and conclusion are given in Sec. V.
II. THE MODEL
2 The supersymmetric extension of the Zee-Babu model has been built in Ref. [10] , where a DM candidate is obtained as the lightest neutral R-parity odd particle. 
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symmetry. The indices i (=1-3) and α (=1-3) denote the flavour for the SM leptons L L and e R and the new vector-like leptons E L and E R , respectively.
A. Lagrangian
We extend the two-loop induced radiative neutrino mass model proposed by Zee and Babu in Ref. [4] so as to contain a DM candidate by introducing an unbroken discrete Z 2 symmetry.
The particle contents and the charge assignment are shown in Table I . We add vector-like charged leptons E α R and E α L with three flavours; i.e., α =1-3. For the scalar sector, we introduce an SU (2) L doublet η, singly-charged singlet χ ± and doubly-charged singlet κ ±± fields. Among these new fields, only κ ±± are assigned to be Z 2 even. A DM candidate can then be obtained as the lightest neutral Z 2 odd particle; namely, a neutral component of η.
New terms in the Lagrangian for lepton Yukawa interactions and the scalar potential under the
where y L and y R are the symmetric 3 × 3 complex matrices. In the scalar potential, µ, µ κ and λ 5 can be chosen to be real without any loss of generality by renormalizing the phases to scalar bosons. Notice here that although the (e ci R e j R κ ++ + h.c.) terms are allowed in general 3 , they do not contribute to neutrino mass generations. We thus neglect these terms for simplicity throughout the paper.
After the electroweak symmetry breaking, the scalar fields can be parameterized as
where v ≃ 246 GeV is the vacuum expectation value (VEV) of the Higgs doublet, and G ± and G 0 are respectively the Nambu-Goldstone bosons which are absorbed by the longitudinal components of W ± and Z bosons. The other scalar fields are not supposed to have a non-zero VEV, otherwise the electromagnetic interactions or Z 2 symmetry spontaneously breaks down.
The mass of the Higgs boson h is obtained after taking the vacuum condition; i.e., ∂V/∂Φ| VEV = 0 just like the SM Higgs boson as m 2 h = 2λ 1 v 2 . In our model, only the singly-charged scalar states η ± and χ ± can mix each other among the new scalar bosons. The mass matrix for the singlycharged scalar states M 2 ± in the basis of (η ± , χ ± ) is given by
The mass eigenstates H ± 1 and H ± 2 are defined by introducing the mixing angle θ as
where θ and the mass eigenvalues are given by
All the other masses of scalar bosons are calculated as
The neutral component of η is the unique DM candidate in the model. Taking λ 5 > 0, the DM can be identified as η I which should satisfy the observed thermal relic density [69] . The DM mass is limited as m η I 80 GeV and m η I 500 GeV from the constraint of thermal relic density of DM [70, 71] . When the DM is in the low mass region m η I 80 GeV (below the W or Z threshold), the main annihilation process is η I η I → h → f f where bb is dominant in the final state fermions f f due to the size of the Yukawa coupling. In addition to the annihilation process, the co-annihilation with η R mediated by Z boson, η R η I → Z → f f is effective if the mass difference among them is less than around 10%. The flavor of the final state fermions are universal unlike the annihilation process. Typically the DM mass should be around the SM Higgs resonance; i.e., m h /2 ≃ 63 GeV, to satisfy the thermal DM relic density in the low DM mass region. On the other hand, the annihilation processes η I η I → W + W − , ZZ and hh can be dominant when the DM mass is above the thresholds. In the region of the DM mass 80 GeV m η I 500 GeV, the predicted relic density is strongly suppressed since the cross section which is fixed by the gauge coupling is too large. We are interested in the low DM mass region because such a low DM mass is favored from inducing the large muon anomalous magnetic moment as will be discussed later. Thus the DM mass is fixed to m h /2 in the following discussion.
There is the constraint from direct detection experiments since the elastic scattering process with nuclei is induced via Higgs boson exchange. The relevant parameters in the model are λ 3 λ 4 and λ 5 , and they are roughly restricted as λ 3 + λ 4 − λ 5 0.03 in the low DM mass region [71] from the recent LUX experiment [72] . Moreover, magnitude of the mass degeneracy between η R and η I is constrained because the inelastic scattering process η I N → η R N can occur via Z boson exchange if the mass splitting is small enough. The mass splitting as small as 100 keV is typically ruled out from the Z exchange process [73] .
We consider the constraints from the electroweak S, T and U parameters proposed by Peskin and Takeuchi [74] . The new contributions to the S, T and U parameters are given by
(II.12)
(II.13)
where c θ ≡ cos θ and s θ ≡ sin θ, and α em ≃ 1/137 is the electromagnetic fine structure constant.
The function F (p 2 ; m 1 , m 2 ) is given by
This function is reduced to the simple form in the case of p 2 = 0 as GeV with the 3 GeV interval.
In Fig. 1 , we show the prediction of the S new and T new parameters. The 68% and 95% CL limits for the S new and T new parameters are respectively denoted by the blue and red ellipses. We take 
III. NEUTRINO MASS AND MUON ANOMALOUS MAGNETIC MOMENT
A. Neutrino mass matrix
The Majorana neutrino mass matrix m ν is derived at two-loop level from the diagrams depicted in Fig. 2 . The contribution of the left diagram is given by
The loop functions F L and F R are computed as
The total neutrino mass matrix is given by (m ν ) ij = (m L ν ) ij + (m R ν ) ij . Notice here that the contribution from the left figure in Fig. 2 is reduced to the neutrino mass matrix given in the original Zee-Babu model in the limit of M E α → 0 [76] .
When we assume that y η is proportional to the unit matrix; i.e., (y η ) iα = y η × 1 3×3 , and all the masses for E α are degenerate; M E α (α = 1, 2, 3) = M E , the neutrino mass matrix is simply rewritten as
where
The neutrino mass matrix is diagonalized by introducing the Pontecorvo-Maki-Nakagawa-Sakata we obtain the U PMNS matrix elements as where we neglect the CP-violating phase, which is experimentally allowed within the 2-σ level [78] .
In addition, using the central value of the sum of neutrino masses 0.36 eV [79] , the eigenvalues for the neutrino masses are determined in the normal (inverted) hierarchy as where typical magnitudes of the loop functions F L,R are fixed to be O(1).
B. Muon anomalous magnetic moment
The muon anomalous magnetic moment (muon g−2) has been measured at Brookhaven National Laboratory. The current average of the experimental results is given by [80] a exp µ = 11659208.0(6.3) × 10 −10 .
It has been well known that there is a discrepancy between the experimental data and the prediction in the SM. The difference ∆a µ ≡ a and it was also derived in Ref. [63] as
The above results given in Eqs. (III.15) and (III.16) correspond to 3.2σ and 4.1σ deviations,
respectively.
In our model, there are new contributions to ∆a µ as shown in Fig. 3 . These contributions are calculated as
Under the same assumption taken in the previous subsection, we obtain
where we neglect the mass difference between η R and η I ; i.e., m η R = m η I ≡ m η 0 .
In Fig. 4 , the prediction of ∆a µ is shown on the M E -y η plane in the case of m η 0 = 63 GeV. From
Eqs. (III.15) and (III.16), we can obtain the lower and upper limits on ∆a µ as 1.1 × 10 −9 < ∆a µ < 5.0 × 10 −9 by allowing up to the 2-σ error. In the blue shaded regions, the prediction is inside the above limit. Furthermore, if we require perturbativity of the coupling constant y η ; i.e., y 2 η /(4π) ≤ 1, the upper limit for y η can be set, which is denoted by the horizontal dashed line. When we take the maximal allowed value of y η from perturbativity, the region of 150 GeV M E 350 GeV is favored by ∆a µ . In the next section, we discuss the constraint on M E from the current LHC data.
In the end of this section, we comment on new contributions to the lepton flavor violating (LFV)
processes such as µ → eγ in our model. In general, we can consider diagrams which contribute to the LFV processes by replacing the external muons shown in Fig. 3 with charged-leptons with different flavors with each other. Such a contribution is proportional to the off-diagonal element of the y η coupling, so that we can avoid constraints from the LFV data as long as we take the diagonal structure of y η .
IV. COLLIDER PHENOMENOLOGY
In this section, we discuss the collider phenomenology of our model. First of all, we specify the mass spectrum according to the previous sections. From the physics of DM, we set the mass of the lightest neutral Z 2 odd scalar boson η I to be 63 GeV. The mass of η R must be larger than that of η I at least order of 100 keV from the direct detection experiments for DM. In addition in order to reproduce the collect order of neutrino masses, the mixing angle θ has to be as small as O(10 −4 )
as seen Eq. (III.14). Such a small mass difference between η I and η R and small angle θ can be neglected in the collider phenomenology. We thus take m η R = m η I and θ = 0 for simplicity. In that case, from the S and T parameters, the upper limit for the mass of
) is given to be 123 GeV with the 95 % CL (see Fig. 1 ). The mass of vector-like charged leptons E α can be constrained from slepton searches at the LHC in the following way. In Ref.
[81], the bound on the slepton masses has been given from the search for pp →l +l− → ℓ + ℓ −χ0χ0 process, wherel ± andχ 0 are the charged slepton and the neutralino, respectively, and ℓ is e or µ. For the case where produced sleptons are purely left-handed, the lower limit on the mass ofl has been given to be about 300 GeV from the data with the integrated luminosity to be 20.3 fb −1 and the collision energy to be 8 TeV . In our model, there are two decay modes of E α ; i.e., E α → ν α η ± and E α → ℓ α± η 0 (η 0 is η R or η I ) via the Yukawa coupling y η which is assumed to be proportional to the unit matrix (y η ) iα = y η × 1 3×3 . Therefore, the similar final state as in the slepton pair production is obtained by pp → E α+ E α− → ℓ + ℓ − η 0 η 0 . The cross section of this process can be estimated as
where σ(pp → E α+ E α− ) is the pair production cross section of E α , and B(E α± → ℓ α± η 0 ) is the branching fraction for the E α± → ℓ α± η 0 mode. When the mass of left-handed slepton is taken to be 300 GeV, the pair production cross section is calculated to be about 1.2 fb for each flavour of ℓ, where we use CalcHEP [82] and CTEQ6L for the parton distribution function. We thus can set the lower limit on the mass of E α by requiring that the cross section σ(pp → ℓ + ℓ − η 0 η 0 ) does not exceed 1.2 fb.
In Fig. 5 , we show the contour plots of the cross section of the process pp → E + α E − α → ℓ + α ℓ − α η 0 η 0 for each lepton flavour α on the M E -∆m (≡ m η ± −m η 0 ) plane. Again, the cross section is calculated by using CalcHEP and CTEQ6L. The upper limit on the cross section from the slepton search is shown as the red curve, so that the left region from the red curve is excluded. We can see that the cross section slightly increases as ∆m is getting a large value, because the branching fraction of E ± α → ℓ ± α η 0 gets a small enhancement. By looking at the red curve, we find that the lower bound on M E is given as about 315 GeV to 330 GeV depending on the value of ∆m. Therefore, there are allowed regions by the LHC bound, where the discrepancy in the muon g − 2 can be explained.
In the following discussion, we take M E = 315 GeV and ∆m ≃ 0 5 . In addition, we assume that the mass of κ ±± is larger than 2M E and χ ± are heavier than κ ±± . In that case, we expect that the event with the same-sign dilepton plus missing transverse momentum appears from the pair production of κ ±± as shown in Fig. 6 . The cross section of this process is calculated by
where σ(pp → κ ++ κ −− ) is the pair production cross section of κ ±± , and B(κ ++ → E + α E + β ) is the branching fraction of the κ ++ → E + α E + β mode. Under the assumption of y L = y R (=ȳ) which was 5 If we exactly take ∆m = 0, then η ± cannot decay into the other particles. If there is the non-zero mass difference, taken in the previous section, the decay rate of
where S αβ = 2 (1) for α = β (α = β). From the above formula, the branching fraction is simply determined byȳ αβ as
Each matrix element ofȳ αβ is given by using the neutrino mixing data as expressed in Eq. (III.13).
In Table II , the branching fraction of κ ++ is listed. Because the Yukawa couplingȳ determined from Eq. (III.13) is almost the unite matrix, the decay of κ ++ into the same flavour of E α is dominant. This results in the final state of the signal process shown in Fig. 6 with the same-sign dilepton with the same-flavour and missing transverse energy, and each of three lepton flavours in the final state appears almost the same probability with each other. With the 14 TeV energy at the LHC, the cross section for the pair production (pp → κ ++ κ −− ) and that for the process expressed in Eq. (IV.2) for each lepton flavour of the final state are also shown in Table II . We can see that about 10 events can be obtained for the same-sign electron or muon and missing transverse energy final states assuming 300 fb −1 for the integrated luminosity.
Finally, we comment on signals from doubly-charged scalar bosons from the other models.
In the original Zee-Babu model, there are isospin singlet doubly-charged scalar bosons just like κ ±± in our model. They can directly decay into the same-sign dilepton without missing energies.
Thus, we expect that the sharp peak appears at the mass of doubly-charged scalar bosons in the invariant mass distribution for the same-sign dilepton system [83, 84] . Similar signal with the same-sign dilepton can also appear in the HTM [64] [65] [66] [67] [68] , in which there are doubly-charged scalar components in the isospin triplet Higgs field. On the other hand, the doubly-charged scalar bosons κ ±± in our model do not directly decay into the same-sign dilepton as seen in Fig. 6 , whose decay products include missing energies due to DM. The peak in the invariant mass distribution cannot then be seen in that case, and the signal from the decay of κ ±± is different from that from doublycharged scalar bosons in the Zee-Babu model and in the HTM. In the HTM, the doubly-charged scalar bosons can also decay into the same-sign W bosons when the VEV of triplet Higgs field is taken to be larger than about 0.1-1 MeV [85] [86] [87] [88] [89] . Such a decay mode provides a final state with the same-sign dilepton plus missing energies due to the leptonic decay of the W bosons. However, the combination of flavour for the same-sign dilepton equally appears due to the universality of leptonic decay of the weak boson. In our model, the same-sign dilepton with the different flavour in the final state is strongly suppressed due to the structure of neutrino mass matrix. Therefore, by measuring the lepton flavour of the same-sign dilepton event, our model can be distinguished from the HTM. One should note that if the interaction we have neglected κ ++ e c i e j in the paper exists, eventually the same invariant mass distribution with the other models may be obtained.
Thus the assumption that there is no Yukawa coupling κ ++ e c i e j is important to see the difference as discussed above.
V. CONCLUSIONS
We have constructed the two-loop induced Zee-Babu type neutrino mass model, in which a DM candidate is included. In our model, the DM is the lighter one of the neutral components of the inert doublet scalar. The DM mass should be around 63 GeV from the view points of the thermal relic density and explanation for the discrepancy in the muon g − 2. The discrepancy between the experimental value of the muon g − 2 and its prediction in the SM can be explained due to the vector-like charged leptons with the mass of less than about 350 GeV. By taking into account the current smuon search at the LHC, the lower bound on the mass of vector-like leptons has been taken to be about 315 GeV. Therefore, the parameter regions favored by the muon g − 2 are still allowed by the current LHC data. We have discussed the collider phenomenology, especially focusing on the doubly-charged scalar bosons κ ±± . We have found that the main decay mode of κ ±± can be the same-sign dilepton with the same-flavour plus missing transverse momentum due to the structure of neutrino mass matrix. It suggests that measuring an excess of the same-sign dilepton events with the same-flavour, we can distinguish our model from the other models which include doubly-charged scalar bosons such as the original Zee-Babu model and the HTM.
